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ABSTRACT 

Mitochondria \ack the ability to repair certain 
helix-distorting lesions that are induced at high 
levels in mitochondrial DNA (mtDNA) by important 
environmental genotoxins and endogenous metab- 
olites. These lesions are irreparable and persistent 
in the short term, but their long-term fate is 
unknown. We report that removal of such mtDNA 
damage is detectable by 48 h in Caenorhabditis 
elegans, and requires mitochondrial fusion, fission 
and autophagy, providing genetic evidence for 
a novel mtDNA damage removal pathway. 
Furthermore, mutations in genes involved in these 
processes as well as pharmacological inhibition of 
autophagy exacerbated mtDNA damage-mediated 
larval arrest, illustrating the in vivo relevance of 
removal of persistent mtDNA damage. Mutations 
in genes in these pathways exist in the human 
population, demonstrating the potential for import- 
ant gene-environment interactions affecting 
mitochondrial health after genotoxin exposure. 

INTRODUCTION 

Mitochondria serve several critical cellular functions, 
including energy production via oxidative phosphoryl- 
ation (OXPHOS) and key roles in apoptosis. The 
majority of mitochondrial proteins involved in these 
processes are encoded by nuclear DNA (nDNA), but a 
small subset, 13 polypeptides that are incorporated into 
4 of the 5 complexes of the OXPHOS system plus 2 
rRNAs and 22 tRNAs, are encoded by mitochondrial 
DNA (mtDNA). A large and growing number of inherited 
mitochondrial diseases result from mutations in or deple- 
tion of mtDNA and likely affect >1 in 6000 people (1), 
emphasizing the importance of mtDNA integrity to 
human health. Furthermore, there is substantial evidence 



to support a role of mitochondrial dysfunction and 
mtDNA mutation in the pathogenesis of more common 
diseases such as neurodegenerative conditions (2,3), type 2 
diabetes mellitus (4) and cancer (5). 

Compared with nDNA, mtDNA is particularly suscep- 
tible to damage from prevalent environmental contamin- 
ants. For instance, depending on exposure conditions, 
mtDNA is 2-100 times more susceptible to bulky 
adducts when exposed to the carcinogenic, polycyclic 
aromatic hydrocarbon (PAH) benzo(a)pyrene (6-11). 
This susceptibility is partially because of the fact that 
mitochondria lack nucleotide excision repair (NER), the 
repair pathway utilized to repair many helix-distorting or 
'bulky' nDNA damage induced by common environmen- 
tal agents including PAHs, mycotoxins and ultraviolet C 
radiation (UVC) (12-15). Thus, helix-distorting mtDNA 
lesions resulting from exposure to these genotoxins are 
persistent and reduce mtDNA replication (8,16-18) and 
transcription (19). The resulting reduction of mtDNA 
copy number or protein synthesis could result in 
mitochondrial dysfunction, as suggested by cytochrome 
c release, reduced mitochondrial membrane potential 
(MP), decreased respiration and increased lipid 
peroxidation reported in studies with PAHs and the 
mycotoxin Aflatoxin Bi (20-22). 

Helix-distorting lesions induce nDNA mutations 
(23,24) and in vitro evidence supports the potential for 
these lesions to be mutagenic in mtDNA (25,26). 
However, exposures to benzo(a)pyrene diol epoxide and 
UVC in cell culture have resulted in little to no increase in 
mutation frequency above background (7,18,27), 
prompting the hypothesis that mtDNAs harboring 
helix-distorting lesions are degraded and mutations result- 
ing from these lesions are rare (28,29). Mitochondrial 
degradation is carried out by macroautophagy (30,31). 
Non-selective autophagy of mitochondria as well as 
other organelles and cytoplasmic materials (31) is 
triggered by starvation and nutrient deprivation. On the 
other hand, selective autophagy of mitochondria or 
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'mitophagy' (32) is responsible for clearance of paternal 
mtDNA in sperm of Caenorhabditis elegans (33,34), of 
mitochondria during erythrocyte maturation (35) and 
has emerged as a more specific degradation mechanism 
for dysfunctional mitochondria in somatic cells 
(30,32,36-38). Although the detailed mechanism of dys- 
functional mitochondrial clearance by mitophagy has yet 
to be resolved, current research suggests that spontaneous 
or stress-induced depolarization results in isolation of 
dysfunctional mitochondria followed by removal by 
autophagy (30,39^3). The Parkinson's disease-associated 
genes encoding Parkin and PINKl have been shown to 
selectively accumulate on mitochondria with reduced MP 
and facilitate mitophagy under certain conditions (44^7). 
The role of mitophagy in removal of dysfunctional 
mitochondria with damaged DNA has not been 
previously addressed but this could play an important 
role in preventing fixation of mtDNA mutations and 
niitochondrial-mediated apoptosis or necrosis by 
removal of unstable mitochondria (48,49). 

The goals of this research were to determine the 
long-term fate of helix-distorting mtDNA damage and 
investigate the role of autophagy and mitochondrial 
dynamics in removal of and recovery from this mtDNA 
damage. Using UVC, we induced helix-distorting mtDNA 
lesions in adult C. elegans with and without RNAi 
knockdown of autophagy, fusion and fission genes and 
measured mtDNA damage over time using quantitative 
polymerase chain reaction (qPCR). We show that 
UVC-induced mtDNA lesions are removed slowly over 
72 h in adult C. elegans and that this removal is dependent 
upon genes involved in autophagy and mitochondrial 
dynamics. To better understand the imphcations of per- 
sistent mtDNA damage removal in vivo, we investigated in 
C. elegans the effect of UVC-induced mtDNA damage 
on the frequency and duration of larval arrest, a 
well-described phenotype mediated by mitochondrial 
function that serves as an indicator of overall mitochon- 
drial health (50-53). We show that high levels of persistent 
mtDNA damage induce L3 larval arrest and mitochon- 
drial dysfunction in C. elegans. Furthermore, recovery 
from larval arrest is dependent on mitochondrial fusion, 
mtDNA replication and removal of damaged mtDNA via 
autophagy. Thus, we show for the first time that, although 
persistent, UVC-induced mtDNA lesions are removed 
gradually and that mitochondrial dynamics and 
autophagy are involved in removal of and recovery from 
persistent mtDNA damage. 

MATERIALS AND METHODS 

Caenorhabditis elegans strains and culture 

Populations of C. elegans were maintained on K agar 
plates seeded with OP50 bacteria unless otherwise stated. 
N2 (wild-type), JK1107 glp-l{q224), VC1024 
pdr-l{gk448), CB369 unc-51(e369) were obtained from 
the Caenorhabditis Genetics Center (University of 
Minnesota). DA631 eat-3{ad426), BC10210 
fzo-l(tmll33) and N2-HEx[myo-3::mls::matrixGFP-H 
rol-6] were provided by Alexander van der Bliek, 



University of California (Los Angeles, CA, USA), drp-1 
(tmllOS) was provided by Ding Xue, University of 
Colorado (Boulder, CO, USA). Guy Caldwell, 
University of Alabama (Tuscaloosa, AL, USA), 
provided UA86 pink- 1 {ml 7 79); Pdat-1::GFP; Pdat-1:: 
a-syn [balnll]. Luminescent PE255 ij'elsS) were 
provided by Christina Lagido, University of Aberdeen 
(Aberdeen, UK). Alicia Melendez, Queens College, City 
University of New York (Flushing, NY, USA) kindly 
provided QUI izExl[Plgg-l::gfp::lgg-l +rol-6]. 

Quantitative PCR 

DNA damage analysis was performed using qPCR 
optimized for whole C. elegans as described in Boyd 
et al. (54) with some modifications, glp-1 adults were 
picked at a 1 worm to 15|il lysis buffer ratio. In RNAi 
experiments, nuclear and mtDNA copy number for each 
QPCR sample determined by quantitative, real-time PCR 
was used to normalize for copy number variation between 
samples. This assay relies on the ability of DNA damage 
to block progression of the DNA polymerase used for 
PCR; thus, the amount of amplification is inversely 
related to the amount of DNA damage (55,56). In each 
sample, a long (~10kb) nuclear and mitochondrial 
genomic region is amplified. The long product is used to 
calculate lesion frequency as compared with control 
samples. 

DNA damage and repair quantification 

Synchronized glp-1 LI larvae were obtained by bleach- 
sodium hydroxide isolation of eggs and liquid egg hatch 
in K+ medium (54). Nematodes were grown to young 
adult stage at 25° C, then transferred to K-agar plates 
without OP50 and exposed to 50 J/m^ UVC using an ultra- 
violet lamp (UVLMS-38 EL Series 3UV Lamp, UVP, 
Upland, CA, USA) with peak emission at 254 nm. 
Doses were quantified using a UVX digital radiometer. 
Nematodes were lysed at 0, 24, 48 and 72 h after 
exposure. Nematodes were incubated at 25°C during 
recovery periods. Analysis was performed on 7-12 
sample tubes (6 nematodes/tube) for each treatment con- 
dition generated from at least two independent, 
time-separated experiments creating an 'n' of 7-12. At 
least two PCR technical replicates were carried out for 
each sample. Lesion frequency in UVC-treated samples 
was calculated relative to RNAi clone untreated 
controls. Global analysis of variance (ANOVA) analysis 
was used to determine effects and interactions of treat- 
ment, recovery and RNAi clone (Statview 5.0.1). 
When warranted by global ANOVA, Fisher's PLSD was 
used to determine the effect of individual variables. 

Mitochondrial copy number analysis 

Absolute mitochondrial copy number was measured by 
quantitative, real-time PCR as described in Bratic et al. 
(57) using the lysed worm samples collected for QPCR as 
described earher in the text. For each sample, three 
technical replicates were averaged from a single real-time 
PCR run. 
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RNA interference 

RNAi-mediated interference was carried out by feeding. 
HT115 (DE3) RNase Ill-deficient Escherichia coli engin- 
eered to express dsRNA for eat-3 (D2013.5), drp-1 
(T12E12.4), pink-1 (EEED8.9) and pdr-1 (K08E3.7) were 
obtained from Geneservice (Cambridge, UK) or Open 
Biosystems (Huntsville, AL, USA), atg-18 (F41E6.13), 
bec-1 (T19E7.3), fzo-1 (ZK1248.14) and unc-51 
(F41E6.13) were retrieved from the Vidal C. elegans 
RNAi library (58), and pL4440 (empty vector, negative 
RNAi control) and unc-22 (ZK617.1, positive RNAi 
control) were retrieved from the Ahringer C. elegans 
RNAi library (59). All RNAi vectors were sequenced to 
verify the identity of the insert. 

RNAi stocks were selected on LB plates containing 
15|ig/ml tetracycline and lOO^g/ml ampicillin (Sigma 
Aldrich). Bacteria were grown in LB containing 50 ng/ml 
ampicillin (final concentration) for 8 h and were added to 
NGM plates containing 50 fig/ml ampicillin and 1 mM 
isopropyl p-D-l-thiogalactopyranoside (Sigma Aldrich). 
With the exception of eat-3, fzo-1 and drp-1 RNAi 
knockdown, LI glp-1 nematodes were synchronized as 
described earlier in the text and grown on RNAi-seeded 
NGM plates for two generations. Nematodes were grown 
at 15°C throughout the experiment except for a 15-h 
period between the L3 and L4 stage during which 
nematodes were transferred to 25°C for sterilization (60). 
At the adult stage of the second generation, glp-1 
nematodes were dosed with 50 J/m^ UVC and lysed imme- 
diately and 120 h after the UVC dose for DNA damage 
analysis. For eat-3, fzo-1 and drp-1 RNAi knockdown, an 
identical procedure was carried out except over one 
generation instead of two because of embryonic lethahty 
and larval arrest in Fl progeny of nematodes treated with 
eat-3, fzo-1 (61) and drp-1 (62) RNAi. 

Mitochondrial morphology and autophagy analysis 

Synchronized young adult N2 myo-3::matrixGFP and N2 
LGG-1::GFP nematodes were maintained and UVC 
exposed as described earlier in the text except at 20° C 
instead of 25°C. At recovery periods, 6-10 nematodes 
were picked onto 10% agar pads with 10).il of 10 mM 
levamisole (Sigma Aldrich, dissolved in water). Single- 
plane images were taken of muscle cell mitochondria 
and seam cells from five to 10 nematodes per experiment 
in two, time-separated experiments on a Zeiss 780 
confocal microscope at 63 x magnification. Approxi- 
mately 9-15 seam cells and 25-50 muscle cells were 
analyzed per treatment per time point. LGG-1::GFP foci 
in each seam cell were counted manually. An overall effect 
of treatment determined by ANOVA (P< 0.0001) 
(Statview 5.0.1) and a difference between specific treat- 
ments was determined by Fisher's PLSD. Images of 
muscle cell mitochondria were analyzed using MetaMorph 
Premier and methods described in (63,64). Briefly, back- 
ground subtraction, a top hat morphological filter and 
a threshold were applied to images. After converting to 
a binary image, mitochondrial area excluding the area of 
'holes', perimeter and form factor for each muscle cell was 
measured using Integrated Morphology Analysis. 



Larval arrest protocol 

LI worms were plated in equal amounts on unseeded, 
non-peptone (to prevent growth of bacterial contamin- 
ation), K-agar plates with or without ethidium bromide 
(Sigma Aldrich) for 48 h. LI nematodes were starved 
during this period to prevent development. LI worms 
were exposed to UVC at 0, 24 and 48 h after plating. 
Immediately following the 48-h UVC dose, worms were 
transferred to 24-well, seeded, K-agar plates (1-3 worms/ 
well, 12 wells/treatment, 1 plate/strain) with or without 
ethidium bromide. For 3-methyladenine (3-MA) 
exposure following the 48 h UVC dose, worms were 
transferred to 24-well, seeded, Hquid K+ as described 
earher in the text with or without 3-MA (Sigma Aldrich, 
dissolved in dH20). Every 24 h for 96 h, each worm was 
staged and the percentage of nematodes that reached L4 
was determined based on the presence of the vulval 
crescent. All mutant strains and/or treatments were 
screened in a minimum of three time-separated experi- 
ments and the % < L3 from each experiment was 
considered a biological replicate. % < L3 across all time 
points was compared between strains (if applicable) and 
treatments by repeated measures ANOVA (Statview 
5.0.1). Given a significant interaction in the repeated 
measures ANOVA, ANOVA was used to determine 
overall effects and interactions at each time point 
followed by Fisher's PLSD, if warranted. 

Relative ATP analysis 

PE255 nematodes were dosed according to the UVC 
dosing scheme described earlier in the text (Larval 
Arrest Protocol), and ATP analysis was conducted imme- 
diately after the third UVC dose (Oh) or 24 h after the 
third dose and placement on food. Each experiment had 
two biological replicates dosed on separate no-peptone, 
no-food plates and three time-separated experiments 
were performed (n = 6). Luminescence and GFP were 
measured using a FLUOstar Optima (BMG Labtech) on 
~100 nematodes in 100^x1 of K-media added to a 96-well 
plate with two to four technical replicates/biological 
replicate. GFP was measured initially using 485/520 
filter set. Following GFP measurement, 50 ^1 of lumines- 
cence buffer (citrate phosphate buffer pH 6.5, 0.1 mM 
D-luciferin, 1% DMSO and 0.05% Triton-X, final concen- 
trations) was injected into each sample, and luminescence 
was measured 3min after injection using a 590 nm 
emission filter. Luminescence was normalized to GFP 
fluorescence intensity to account for differences in 
number of worms per well. Two-way ANOVA was used 
to determine if there was an effect of treatment and/or 
recovery on % control luminescence (Statview 5.0.1). 
After estabhshing that there was a treatment by recovery 
effect {P = 0.0017), the effect of treatment at each time 
point was assessed using Fisher's PLSD. 

Oxygen consumption analysis 

N2 nematodes were treated with lOJ/m'^ UVC as 
described earlier in the text (Larval Arrest Protocol) and 
oxygen consumption was measured at 0, 24 and 48 h post 
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the third UVC exposure using a Mitocell (MT200) respir- 
ation chamber with magnetic stirrer and 1302 Clark-type 
microcathode oxygen electrode attached to a 782 oxygen 
meter (Strathkelvin Instruments, Glasgow, UK) as 
described in (65). At 0 and 24 h, 1000 nematodes were 
sorted into four 1.5 ml microcentrifuge tubes using a 
COPAS Biosort (Union Biometrica, Holhston, MA, 
USA) with the same gate used for untreated and treated 
samples. At 48 h, 500 nematodes were sorted. The UVC- 
exposed group was sorted into two populations: large 
(non-arrested) and small (arrested). The large or 
non-arrested gate was defined using the control popula- 
tion that is at L4 or older. The small or arrested gate was 
defined as any nematode smaller than the control popula- 
tion. Immediately before measurement worms were 
centrifuged, 100 |il of pelleted worms were added to the 
Mitocell chamber and oxygen consumption was measured 
for 4min once hnear. The rate of oxygen consumption was 
calculated within the linear range for each sample and 
two-way ANOVA foUowed by Fisher's PLSD (if applic- 
able) were used to identify significant effects of treatment 
and recovery (Statview 5.0.1). 

RESULTS 

UVC-induced mtDNA damage is removed over time 

Studies in cell culture and C. elegans have established the 
persistence of mtDNA damage up to 48 h post exposure to 



UVC (17,66,67) but further time points have not been 
investigated, partially because of the confounding effect 
of dilution of mtDNA damage encountered with 
prohferating cells in culture. We utilized the germ-line pro- 
hferation defective mutant strain ^/;;-7(q224) to investigate 
the persistence of UVC-induced mtDNA damage. Adult 
glp-1 raised at 25°C have post-mitotic somatic cells and 
few (6-8) germ cells (68), such that changes in DNA 
damage can be attributed to repair or removal rather 
than dilution following cell replication (67). Radiation 
(UVC) of 254 nm serves as an excellent model for bulky 
adducts because it similarly induces helix-distorting 
lesions and it is primarily absorbed by nucleic acids, 
with little damage to other macromolecules; thus we 
utilized UVC to induce helix-distorting mtDNA lesions 
throughout our studies. Post-mitotic young adult glp-1 
nematodes raised at 25°C were exposed to 0-100 J/m^ 
UVC and both nuclear and mtDNA damage was 
analyzed at 0, 24, 48 and 72 h post exposure via a highly 
sensitive QPCR assay that does not require differential 
extraction of nuclear and mtDNA (55,56,69). Over 72 h, 
30^0% removal of mtDNA damage was observed at 50 
and 100 J/m^ (Fi gure la). nDNA damage was repaired to 
control level by 72 h (Figure lb). mtDNA replication 
occurs independently of nDNA replication, and while 
UV-induced lesions are hkely to block replication (26), it 
is unhkely that all of the mitochondrial genomes per cell 
were damaged even at our highest doses. Assuming a 




24 48 
Hours post UVC exposure 

Figure 1. mtDNA lesion frequency slowly decreases after a single dose of UVC in post-mitotic adult C. elegans (glp-1). Nematodes were exposed to 
UVC and analyzed for DNA damage iinmediately (Oh), or after 24, 48 or 72 li via QPCR. (a) mtDNA damage is removed by ~40% over 72 h at 
50 and lOOJ/m^. Two-way ANOVA indicated a significant effect of recovery (/'<0.0001) and a recovery x treatment interaction (/'<0.05). Asterisks 
denote a significant difference compared with 0 h lesion frequency within each UVC treatment (Fisher's PLSD, P < 0.05). (b) nDNA damage is 
repaired following a single dose of UVC. Two-way ANOVA indicated a significant effect of treatment (/■< 0.0001) and a recovery x treatinent 
interaction (/"< 0.0001). Asterisks denote a significant difference compared with undosed control lesion frequency at each recovery timepoint 
(Fisher's PLSD, P < 0.05). (c) No significant increase in mtDNA copy number was observed during the recovery period, (d) mtDNA copy 
number significantly decreased during the recovery period irrespective of UVC exposure. Two-way ANOVA indicated a significant effect of time 
(/"< 0.0001) but no significant treatment effect {P = 0.4714) or treatment x time interaction (P = 0.3246). Asterisks denote a significant difference 
compared with 0 h mtDNA copy number (Fisher's PLSD, P < 0.05). Bars ± SEM. 
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Poisson distribution of lesions and a similar mtDNA copy 
number per cell, even at 50 and 100 J/m^ ~35 and 20%, 
respectively, of mtDNA genomes would be predicted to 
remain undamaged. Thus, in principle, the reduction in 
mtDNA damage observed here could result from 
dilution of damage rather than removal; however, 
mtDNA copy number did not increase during the 
recovery period at any UV dose as measured by 
real-time PCR (Figure Ic). In fact, there was a significant 
decrease in copy number across treatments by 48 h post 
exposure (including controls; Figure Id); this decrease was 
not altered by the level of damage {P = 0.3246 for treat- 
ment X time interaction). Therefore, the decrease in 
mtDNA damage levels cannot be explained by dilution 
alone, and must, at least in part, be a result of removal 
of damaged genomes. 



timecourse was not complete, it was sufficient for 
analysis and replicable in multiple experiments. 

In our empty vector control (L4440), there was ~30% 
removal of mtDNA damage 120h after a single UVC 
exposure (Figure 2). RNAi knockdown of fusion genes 
fzo-1 and ecit-3, fission gene drp-1, and autophagy/ 
mitophagy genes bec-1, unc-51 and pink-1 abohshed 
detectable removal of UVC-induced mtDNA damage. 
No increase in mtDNA copy number was observed in 
any sample as measured by real-time QPCR 
(Supplementary Figure SI), and decreases were observed 
in some cases. Repair of UVC-induced nDNA damage 
was not affected by RNAi (Supplementary Figure S2). 
These data demonstrate that fusion, fission and autophagy 
are required for removal of UVC-induced mtDNA 
damage. 



Mitochondrial dynamics and autophagy are involved 
in removal of persistent mtDNA damage 

We next tested whether mitochondrial fusion, fission and 
autophagy assist in removal of mtDNA damage. Fusion, 
fission and autophagy genes were knocked down using 
RNAi in adult glp-1 C. elegans. Adult C. elegans were 
then dosed with 50J/m^ and nuclear and mtDNA 
damage was measured immediately and 120 h post 
exposure. These RNAi experiments were carried out at 
15°C except for a 15-h sterilization period at 25° C 
because we observed higher RNAi efficiency in our 
RNAi-positive control at the lower incubation tempera- 
ture. We extended the DNA damage removal period from 
72 to 120h because the lower incubation temperature 
slowed removal. We considered examining removal at 
later time points, but chose not to based on our 
previous observation that mtDNA copy number declines 
with age (52,67), as does mitochondrial function in general 
(70), effects that could confound our measurements. 
Although the damage removal observed during this 



Persistent mtDNA damage induces autophagy without 
detectable changes in mitochondrial morphology 

Given the requirement for mitochondrial dynamics and 
autophagy genes in removal of mtDNA damage, we 
evaluated the effect of persistent mtDNA damage on 
mitochondrial morphology and autophagy following 
UVC exposure in adult C. elegans. To assess mitochon- 
drial morphology, young adult wild-type nematodes con- 
taining an extrachromosomal Pmyo-3::matrixGFP, which 
express GFP in the mitochondrial matrix of muscle cells 
(62), were exposed to a single dose of 50J/m^ and 
mitochondrial morphology was assessed via confocal 
fluorescence microscopy at 24 and 48 h post exposure. 
Mitochondrial morphology was quantified using form 
factor as a measure of mitochondrial elongation and 
mean area/perimeter ratio as a measure of mitochondrial 
interconnectivity (63,64). As shown in Figure 3a-b, no 
clear differences were observed in mitochondrial elong- 
ation or interconnectivity between control and UVC 
exposed nematodes at any time point. We observed that 
within individual nematodes and across treatments there 
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Figure 2. Fusion, fission and autophagy gene knocl<down inhibits mtDNA damage removal. mtDNA lesions are removed in empty vector control 
(L4440) by 30^0% 120 h post a single UVC exposure in post-mitotic adult C. elegans (glp-1). RNAi knockdown of eat-3, fzo-1 , drp-1, hec-1, unc-51 
and pink-1 inhibited mtDNA damage removal (inhibition of removal was determined by a lack of a significant difference between 0 and 120h lesion 
frequency within each RNAi treatment). Two-way ANOVA indicated a significant interaction between RNAi and recovery (/'<0.05). Asterisks 
denote a significant difference between Oh and 120h mtDNA lesions within RNAi treatment (Fisher's PLSD, /'<0.05). Percent mtDNA lesions 
remaining after 1201i was calculated based on Oh lesion frequency within each RNAi treatment. Bars ± SEM. 
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Figure 3. UVC exposure induces autophagy but no detectable changes in mitochondrial morphology in adult C. elegcms. Mitochondrial morphology 
was assessed using form factor as a measure of elongation (perfect circles = 1) and mean area/perimeter ratio as a measure of interconnectivity. No 
detectable differences were observed at (a) 24 h or (b) 48 h following UVC exposure. Each data point represents the mean area/perimeter ratio and 
form factor of mitochondria within a single muscle cell. Mitochondrial morphology was highly variable within each treatment group. Representative 
images show a (c) tubular, (d) intermediate and (e) fragmented mitochondrial morphology in muscle cells of untreated controls 48 h after UVC 
exposure, (f) The number of LGG-1::GFP foci per seam cell increased 24 h following UVC exposure compared with untreated controls (Fisher's 
PLSD, P = 0.004). Inhibition of autophagy with 3-MA exposure reduced the formation of LGG-1::GFP foci compared with untreated controls 
(Fisher's PLSD, />< 0.0001). An overall effect of treatment was determined by ANOVA (/>< 0.0001). Bars ± SEM. 



was significant variability in mitochondrial morphology 
(Figm-e 3c-e). 

To evaluate induction of autophagy following UVC 
exposure, young adult nematodes that express a 
GFP-tagged LGG-1 protein (71) were exposed to 50 J/m^, 
and LGG-1::GFP foci were quantified in hypodermal seam 
cells 24 h after the exposure. Lgg-1 is the C. elegans 
honiolog to mammahan MAP-LC3 and is incorporated 
into autophagosomal membranes (71). Appearance of 
LGG-1 ::GFP foci in hypodermal seam cells has been 
extensively used as an indicator of autophagy in 
C. elegcms (71-75). UVC treatment induced a mild but stat- 
istically significant increase in LGG-1 ::GFP foci 24 h after 
exposure (Figure 3f). Interestingly, we observed a much 
greater number of LGG-1 ::GFP foci in untreated N2 
nematodes than has been previously reported (71-75). To 
confirm that foci were in fact autophagosomal structures, 
we inhibited autophagosome formation with 10 mM 3- 
MA, a widely used class 111 phosphatidylinsositol-3 
kinase inhibitor (76), previously shown to inhibit 
autophagy in C. elegans at this concentration (77). The 
number of LGG-1 ::GFP foci decreased significantly with 
3-MA treatment, indicating that the foci observed in our 
untreated and UVC-treated nematodes did represent in- 
duction of autophagy. Therefore we conclude that UVC 
exposure induced a mild increase in autophagy without 
persistent changes in mitochondrial morphology. 



Whether this increase in autophagy signifies a greater mito- 
chondrial clearance requires further research. 

Serial UVC exposure results in accumulated mtDNA 
damage and dose-dependent larval arrest 

We next sought to investigate the in vivo importance of 
persistent mtDNA lesions and removal of those lesions. 
Caenorhabditis elegcms develop through four larval stages 
before reaching adulthood, and mitochondrial function 
and mtDNA copy number throughout development 
have been well-characterized (52). Development from L3 
to L4 entails a dramatic 3- to 5-fold increase in mtDNA 
copy number and a switch from anaerobic respiration to 
OXPHOS, both of which are associated with somatic and 
germ cell development (52,57). Several researchers 
demonstrated that either knockdown of ETC components 
or chemical inhibition of mtDNA replication or protein 
translation early in larval development (LI and L2) results 
in developmental arrest at or before L3 (51-53). The 
authors concluded that larval development serves as an 
indicator of overall mitochondrial function. This conclu- 
sion was further supported by Addo et al. who utilized L3 
larval arrest as a screenable phenotype for genes involved 
in mtDNA maintenance (50). 

We utilized this L3 arrest phenotype to address the role 
of removal of persistent mtDNA damage in recovery 
of mitochondrial function following UVC exposure. 
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Figure 4. Serial UVC exposure results in mtDNA damage accumula- 
tion, (a) Schematic of serial UVC protocol. LI nematodes on unseeded 
plates are dosed with UVC at 254 lun every 24 h for a total of three 
doses. Following the third dose, nematodes are provided with food and 
developmental stage recorded at 48, 72 and 96 h post UVC exposure, 
(b) mtDNA damage accumulates over serial UVC exposure and persists 
24 h after the last UVC exposure and addition of food. Following 24 h 
recovery periods, nDNA damage was repaired. Bars ± SEM. 



To address specifically the effects of mtDNA damage and 
not nDNA damage, we developed an experimental 
protocol (Figure 4a) that results in accumulation of 
mtDNA damage in early larval development but permits 
repair of nDNA damage. In this protocol, 
age-synchronized LI nematodes are dosed three times 
with UVC over the course of 48 h, with 24 h recovery 
periods to allow nDNA damage repair. This larval 
arrest protocol results in time-dependent accumulation 
of mtDNA damage to a level similar to that induced in 
adult experiments given earlier in the text, whereas nDNA 
damage levels were reduced to close to the limit of detec- 
tion (0.1 lesions/10 kb; (56)) (Figure 4b). Following the 
third exposure to UVC, LI nematodes were provided 
with food and screened at 48, 72 and 96 h to assess the 
frequency and duration of L3 arrest. A UVC 
dose-dependent increase in L3 arrest was observed with 
significant inhibition starting at 7.5 J/m^ (Figure 5a). 
Steady state ATP levels, quantified 24 h after the 
third dose and prior to detectable larval arrest, were 
significantly lower at all UVC exposures (Figure 5b). 

As a more specific measure of mitochondrial respir- 
ation, oxygen consumption was assessed at 0, 24 and 
48 h after exposure to lOJ/m^ UVC and addition of 
food. UVC-exposed nematodes displayed significantly 
lower oxygen consumption by 24 h (Figure 5c) with 
a more significant effect in treated nematodes at 48 h. 
At 48 h when larval arrest is first quantified, control nema- 
todes are at young adult stage while ~40% of nematodes 
in the UVC treated group are L2 and L3. We separated 
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Figure 5. Serial UVC exposure results in dose-dependent L3 arrest, 
lower steady state ATP level and reduced O2 consumption, (a) Larval 
arrest increased in a dose-dependent manner following serial UVC 
exposure, (b) Steady state ATP levels were significantly lower by 24 h 
after UVC exposure and addition of food. Asterisks denote a signifi- 
cant treatment effect compared with untreated control (Fisher's PLSD, 
/'<0.05). (c) Nematodes exposed to serial UVC lOJ/m^ had signifi- 
cantly lower O2 consumption compared with untreated nematodes at 0, 
24 and 48 h post exposure and addition of food. At 48 h, Ot consump- 
tion was further decreased in arrested nematodes compared with 
non-arrested nematodes and both were decreased compared with the 
untreated group. Two-way ANOVA indicated a significant treat- 
ment X recovery interaction (P < 0.0001) and asterisks denote significant 
differences at each time point (Fisher's PLSD, P<0.05). Bars ± SEM. 



these two populations based on size in the UVC exposed 
group using a COPAS Biosort, defining large or 
non-arrested nematodes as those which were the same 
size as untreated nematodes and smaller or 'arrested' 
nematodes as those smaller than untreated nematodes. 
Both the arrested and non-arrested nematodes had signifi- 
cantly lower oxygen consumption compared with 
controls, but oxygen consumption in arrested nematodes 
was significantly lower than non-arrested UVC-treated 
nematodes. 

Thus, accumulated mtDNA damage resulted in an 
overall decrease in mitochondrial function as indicated 
by increased L3 arrest, lower steady state ATP level and 
reduced oxygen consumption. Although nDNA damage is 
repaired throughout larval exposure and the recovery 
period, we cannot entirely rule out the possibihty that 
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L3 arrest is influenced by lingering low (below our limit of 
detection) levels of nDNA damage. We note, however, 
that in a previous study that employed a single lOJ/m^ 
dose of UVC, which should result in a similar maximal 
level of nDNA damage to that which we measured 
throughout the larval arrest protocol (~0.8 lesions/ 
10 kb) but a much lower level of nitDNA damage (also 
~0.8 lesions/10 kb), no effect on larval development 
was observed (78). 

mtDNA replication is critical for recovery from 
persistent mtDNA damage 

At serial UVC doses <25J/m^, nematodes recover from 
larval arrest over time (Figure 5a). This recovery may be 
facilitated by replacement of UVC-damaged mitochon- 
drial genomes. Ethidium bromide is a DNA intercalating 
agent that preferentially targets mtDNA over nDNA and 
blocks replication (79). Previous studies indicate that 
inhibition of mtDNA replication by ethidium bromide 
results in L3 arrest and depletion of mtDNA (52). If 
recovery from UVC-induced L3 arrest is aided by 
dilution of damaged mtDNA via replication of undam- 
aged genomes, then co-exposure to UVC and ethidium 
bromide should exacerbate larval arrest. We selected an 
ethidium bromide concentration (5 |ig/ml) that results 
in a similar frequency and duration of larval arrest as 
UVC lOJ/m-. Co-exposure with UVC (lOJ/m^) and 
ethidium bromide (5 |ig/ml) dramatically exacerbated L3 
arrest across all time points compared with UVC or 
chemical alone (Figure 6). This demonstrates the import- 
ance of mtDNA replication in recovery of mitochondrial 
function resulting from persistent mtDNA damage. 

Recovery from UVC-induced mtDNA damage involves 
mitochondrial fusion and autophagy 

To better understand the role of removal of mtDNA 
damage in recovery from UVC-induced L3 arrest, we 
compared L3 arrest in wild-type (N2) C. elegans with 
strains carrying mutations in fusion, fission and 
autophagy genes. If removal of persistent mtDNA 



damage plays a significant role in vivo in recovery from 
UVC-induced mitochondrial dysfunction then knockout 
of these genes involved in removal wiU increase the 
frequency and duration of larval arrest compared with 
wild-type. As shown in Figure 7, significant exacerbation 
of L3 arrest was observed in the fusion mutants /zo-7 and 
eat-3 and the autophagy mutant unc-51. Mutations in 
fission gene drp-1 or mitophagy genes pink-1 and pdr-1 
did not significantly exacerbate L3 arrest at any time 
point. 

We attempted to test other autophagy mutants but were 
unsuccessful because of embryonic lethality in homozy- 
gotes [as in the case of bec-1 (ok961)] or an inability of 
the mutant strain to recover from the 48-h LI starvation 
period [as in the case of atg-18 (gk378)]. Since we were 
limited in our ability to test genetically for a role of 
autophagy in recovery from persistent mtDNA damage 
because of mutant inviabihty, we chemically inhibited 
autophagy with 3-MA. N2 nematodes were exposed to 
lOmM 3-MA following the third UVC exposure and 
placement on food. At this dose, 3-MA exposure alone 
did not result in significant larval arrest (data not 
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Figure 6. Co-exposure to UVC and ethidium bromide exacerbates L3 
arrest. Co-exposure to UVC (lOJ/m^) and ethidium bromide (5 |ig/ml) 
further exacerbates L3 arrest compared with UVC (asterisks) or 
chemical (hash) exposure alone at every time point (Fisher's PLSD, 
/'<0.05). Bars ± SEM. 
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Figure 7. Mutations in fusion and autophagy genes exacerbate L3 arrest following serial UVC exposure. Mutations in fusion genes /io-y and eat-3 
and autophagy gene imc-51. as well as inhibition of autophagy with 3-MA, exacerbated L3 arrest compared with wild-type at 72 and 96 h. Asterisks 
denote a significantly different effect of treatment on mutant compared with wild-type strain (two-way ANOVA, P <Q.Q5). Bars ± SEM. 
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shown); however, 3-MA exposure did exacerbate 
UVC-induced L3 arrest (Figure 7). 

It is interesting that knockout of fusion resuhed in 
complete larval arrest with no recovery, whereas 
knockout of autophagy led to a more moderate increase 
in larval arrest with delayed recovery. If removal of 
UVC-induced mtDNA damage were the sole driver of 
recovery then knockout of these two pathways would 
lead to similar results. Mitochondrial fusion has been 
shown to be critical for mtDNA integrity and recovery 
from mitochondrial dysfunction in part because it aids 
in mtDNA replication, which is critical for recovery 
from UVC-induced larval arrest as shown earlier in the 
text and in functional complementation (80) that results 
from mixing damaged mtDNA among undamaged 
mtDNA. These results suggest that removal of damaged 
mtDNA does aid in recovery from mitochondrial dysfunc- 
tion; however, mtDNA replication and mitochondrial 
fusion are necessary for recovery. We suggest that 
enhanced mitochondrial fusion as a result of drp-1 or 
pink-1 knockout may explain why knockout of these 
genes did not affect larval arrest or recovery although 
both of these are involved in mtDNA damage removal. 

As previously mentioned, measuring removal of 
mtDNA damage in proliferating cells is confounded by 
dilution of damage associated with cell replication. C. 
elegans larval development is marked by a 2-fold 
increase in somatic cells, a 5-fold increase in mtDNA 
copy number and development of approximately 250 
germ cell nuclei (52). Therefore, we were not able to 
directly test if mutations in these genes prevented 
removal of damage or if arrested nematodes had more 
persistent mtDNA damage compared with non-arrested 
nematodes because the developmental changes would 
have confounded those measurements. Nonetheless, our 
genetic and pharmacologic data allow us to conclude 
that mitochondrial fusion and autophagy play an import- 
ant role in recovery from UVC-induced mitochondrial 
dysfunction. 



DISCUSSION 

Mitochondrial dynamics and autophagy play critical roles 
in response to persistent mitochondrial DNA damage 

MtDNA integrity is critical to mitochondrial function and 
is more vulnerable than nDNA to common types of 
environmentally induced damage (6-11). This vulnerabil- 
ity is exacerbated by the fact that mitochondria lack NER, 
the pathway required to repair hehx distorting and bulky 
DNA damage induced by important environmental 
genotoxins including UVC, mycotoxins and PAHs 
(12-15). Thus, at least in most species (fission yeast is an 
exception (81)), mtDNA damage induced by such agents is 
irreparable. Our experiments indicate that mitochondrial 
dynamics and autophagy protect against persistent 
mtDNA damage; we suggest that this results both from 
a role in removal of damaged mtDNAs and from a role 
in protecting mitochondrial function in the face of 
mtDNA damage. 



Persistent mitochondrial DNA damage 



l^itochondrial dysfunction 



Removal of damaged 
mitochondrial DNA 




Mitochondrial fusion 
/ [eat-3, fzo-1) 



Mitochondrial fission 
(drp-l) 



M itochondrial autophagy 
[dtg-18, bec-l,unc-51, pink-l) 



Figure 8. Proposed model of the effect of mitochondrial fusion, fission 
and autophagy processes on persistent mtDNA damage-induced mito- 
chondrial dysfunction and removal of mtDNA damage. Persistent 
mtDNA damage leads to mitochondrial dysfunction (e.g. reduced 
ATP levels and larval arrest). Mitochondrial fusion protects against 
dysfunction, as does autophagy, presumably by promoting functional 
complementation, mtDNA replication and removal of dysfunctional 
mitochondria (red solid lines). Mitochondrial fission and autophagy 
promote mtDNA damage removal (green dashed lines), whereas mito- 
chondrial fusion is indirectly required for mtDNA damage removal 
because it is required to preserve basic mitochondrial function and 
mtDNA replication (dashed green line denotes the indirect effect of 
fusion on mtDNA damage removal). 



We propose a model (Figure 8) whereby persistent 
mtDNA damage leads to mitochondrial dysfunction. 
Mitochondrial fusion protects against dysfunction, as 
does autophagy, presumably by promoting functional 
complementation, mtDNA replication and removal of 
dysfunctional mitochondria (these processes are further 
discussed below). Mitochondrial genomes carrying persist- 
ent damage can be removed by mitochondrial fission 
and subsequent autophagy of dysfunctional daughter 
mitochondria, which is observed in our experiments as a 
mitochondrial fission- and autophagy-dependent removal 
of mtDNA damage. It is not intuitive that mitochondrial 
fusion would be required for the removal of damaged 
mtDNAs, but we propose that fusion is so critical for 
mitochondrial function (as supported by our larval 
arrest results) and mitochondrial biogenesis that the lack 
of fusion results in severe mitochondrial dysfunction that 
incapacitate the processes required for removal. Although 
additional experiments will be required to fully test this 
model, it is consistent with our data and supported by a 
significant body of hterature, as discussed later in the text. 

Mitochondrial fusion, fission and autophagy are required 
for removal of persistent mtDNA damage 

Irreparable, helix-distorting mtDNA damage is persistent 
but our results indicate that this damage is removed slowly 
in vivo with significant removal observed by 72 h post 
exposure. These data are consistent with other literature 
indicating the persistence of UV-induced photodimers up 
to 48 h (15,17,18,66,67), although one study reported a 
40% reduction in UVC-induced photodimers in mtDNA 
of mouse cells by 24 h (82). We considered the role of 
mitochondrial dynamics and degradation via autophagy 
in this removal. Autophagy is the primary mechanism of 
removal for mitochondria and can be both non-selective, 
such as during starvation (31), or selective meaning that 
isolated, dysfunctional mitochondria with low MP are 
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degraded preferentially (30,39,43). Selective autophagy of 
mitochondria or mitopliagy under certain conditions is 
mediated by accmnulation of PINKl, a serine/threo- 
nine-protein kinase on dysfunctional mitochondria and 
subsequent recruitment of Parkin, an E3 ubiquitin hgase 
to those mitochondria (44^6). However, the necessity and 
sufficiency of these events to induce mitophagy in vivo is 
unclear (47,83). 

UNC51 is a serine/threonine kinase with a role in 
autophagy induction; BECl, a class 111 phosphatidy- 
linositol 3-kinase (P13K), is involved in recruiting other 
autophagy proteins to pre-autophagosomal structures; 
and ATG18, which binds phosphoinositol-3-phosphate, 
is required for autophagosomes formation; mutation or 
knockdown of these genes results in abnormal autophagy 
in C. eiegans (71). We found that RNAi knockdown of 
autophagy/mitophagy genes bec-1, unc-51 and pink-1 
inhibited removal of UVC-induced mtDNA damage, 
suggesting that autophagy is an important mechanism of 
degradation of damaged mtDNA. The lack of an effect 
of knockdown of atg-18 may result from insufficient 
knockdown or a degradation mechanism independent of 
atg-18. We noted that knockdown of autophagy proteins 
hec-1 and unc-51 prevented the trend of an age-dependent 
decrease in mtDNA copy number; however, atg-18 
knockdown did not prevent this decrease. This is consist- 
ent with incomplete knockdown of atg-18, which might 
permit residual mitochondrial turnover and explain why 
knockdown did not inhibit damage removal. Interestingly, 
knockdown oi pink-1 but not pdr-l, the C. eiegans Parkin 
honiolog, inhibited mtDNA damage removal. Parkin is 
thought to act downstream of PINKl and in other 
model systems compromised function of either reduces 
mitophagy (44,45). In C. eiegans, few studies have 
investigated the role of these genes in relation to mito- 
chondrial function, pdr-l mutants have reduced oxygen 
consumption and are sensitive to mitochondrial complex 
I inhibitors (84), pink-1 mutants have reduced cristae 
length and are sensitive to oxidative stress (85) and expres- 
sion of wild-type pink-1 and pdr-l rescued a-synuclein 
induced mitochondrial fragmentation (86). These reports 
are consistent with those in other models suggesting 
conserved function of these proteins between C. eiegans 
and mammals (85). Further research is needed to better 
understand mitophagy in C. eiegans and the role of pink-1 
and pdr-l in that process. 

Knockdown of fusion genes /zo-7 and eat-3 and fission 
gene drp-1 also inhibited removal of UVC-induced 
mtDNA damage. The role of mitochondrial morphology 
and dynamics in mediating mitophagy is unclear. 
Inhibition of fission via manipulation of fission genes 
Fisl and Drpl results in reduced mitophagy, whereas 
overexpression of fission proteins induces mitophagy and 
decreases mitochondrial mass (87). Consistent with these 
studies, our results indicate the Drp-1 is required for 
removal of damaged mtDNAs. It may be tempting then 
to assume that knockdown of fusion genes would enhance 
mitophagy and removal of mtDNAs. Certainly OPAl 
deficiency results in a general increase in autophagy, and 
mitochondria targeted for degradation exhibit OPAl 
depletion (39,88). However, loss of mitochondrial mass 



resulting from nicotinamide treatment is partially 
inhibited by fusion knockdown rather than enhanced as 
might be predicted (89), and studies that inhibit fusion 
without compromising MP or mitochondrial function 
show that fission alone without accompanying mito- 
chondrial dysfunction does not result in increased 
mitophagy (43,90). Consistent with our data, human 
fibroblasts harboring a missense mutation in the fusion 
gene MFN2 exhibit significantly reduced repair effi- 
ciency of oxidative mtDNA damage and DNA instability 
(91). Our data suggest that fusion is required for 
removal of mtDNA damage; whether this is by facilitating 
autophagy or another mechanism requires further 
research. 

Persistent mtDNA damage induces autophagy without 
detectahle changes in mitochondrial morphology 

We considered that slow removal of UVC-induced 
mtDNA damage may reflect the natural turnover rate of 
mitochondria and not an induction in autophagy. We 
therefore evaluated the level of autophagy following 
UVC exposure in LGG-1::GFP expressing C. eiegans. 
We observed a mild increase in the number of 
autophagosomes in the UVC-exposed nematodes 24 h 
after treatment, suggesting that UVC exposure does 
induce autophagy. Whether this increase in autophagy 
signifies a greater mitochondrial clearance requires 
further research. 

Mitochondrial dynamics are responsive to mitochon- 
drial function. Loss of MP inhibits fusion and results 
in an overall fragmented morphology and treatment 
with pro-oxidants or mitochondrial respiratory chain 
uncouplers triggers fragmentation (92-94). On the other 
hand, mitochondrial hyperfusion has been observed 
following treatment with DNA intercalators or UVC 
(94,95) highlighting the complex responses of mitochon- 
drial dynamics to mitochondrial stressors. We evaluated 
the effect of UVC exposure on mitochondrial morph- 
ology. We did not observe a difference in mitochondrial 
interconnectivity or elongation with UVC treatment at 
24 or 48 h after treatment. There remains the possibihty 
that changes in morphology occurred between the time 
points analyzed; however, given the persistence of this 
damage we would expect any morphological changes 
induced by this damage would also be persistent. Thus, 
while our genetic data demonstrate the importance of 
mitochondrial dynamics in responding to persistent 
mtDNA damage, such damage did not lead to changes 
in mitochondrial morphology that were easily observable 
by microscopy. 

Recovery from UVC-induced larval arrest requires 
mtDNA replication and mitochondrial fusion and is aided 
by removal of damaged mtDNA via autophagy 

Mitochondria contain multiple copies of DNA; thus 
recovery from hehx-distorting mtDNA damage could be 
achieved by both removal of the damaged copies and 
dilution of damaged copies with undamaged genomes. 
In adult glp-1 C. eiegans raised at 25°C [(52,67) and 
Figure Id] and I5°C (Supplementary Figure SI), 
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mtDNA copy number decreases with age. This indicates 
that degradation of mtDNA is occurring and the resultant 
decHne in copy number is not compensated for by 
increased biogenesis. This decrease in copy number 
hkely relates to the decreased metabolic rate and ATP 
production shown in aging nematodes (70). We therefore 
used developing rather than adult C. elegans to determine 
the significance of removal of damaged mtDNAs in 
recovery from UVC exposure. During the L3 and L4 tran- 
sition, nematodes switch to OXPHOS to produce energy; 
this is accompanied by a significant increase in energy 
demand and mtDNA copy number (52). Inhibition of 
mitochondrial replication or translation or mutations in 
mitochondrial electron transport chain components all 
result in arrest at or before the L3 stage (51-53). Using 
a novel protocol designed to permit accumulation of a 
high level of mtDNA damage early in LI (Figure 4a), 
we showed that UVC-induced mtDNA damage caused 
dose-dependent increases in mitochondrial dysfunction 
as indicated by L3 arrest, reduced steady state ATP level 
and reduced oxygen consumption. Treatment with low 
levels of ethidium bromide nearly abohshed recovery 
from UVC-induced L3 arrest suggesting that recovery 
of mitochondrial function is facilitated by dilution of 
damaged mtDNA via mtDNA replication. 

unc-51 mutants displayed a significant increase in L3 
arrest as did nematodes in which autophagy was inhibited 
with 3-MA. These data indicate that autophagy (and 
presumably removal of damaged mtDNA via autophagy) 
is involved in functional recovery from persistent mtDNA 
damage. Autophagy provides protection against 
mitochondrial dysfunction, apoptosis and cell death 
following toxicant exposure or cell stress (40,41,96,97), 
and abnormal mitochondrial autophagy coupled with 
mitochondrial dysfunction occurs in a variety of 
pathologies including mitochondrial diseases (40), 
lysosomal storage disorders (98) and neurodegenerative 
disorders including Parkinson's, Alzheimer's and 
Huntington's disease (99-101). It is not unhkely that 
autophagy protects against mitochondrial stressors, in 
part, by removing mitochondria that would otherwise 
generate reactive oxygen species and trigger apoptosis or 
necrosis (48,49). Thus, the reduction in autophagy 
with age particularly in post-mitotic cells may result in 
persistence of unstable mitochondria potentially leading 
to development of age-related disorders (102). 
Surprisingly, pink-1 mutants did not exhibit increased 
larval arrest despite the role of this protein in removal 
of damaged mtDNA in adult C. elegans. This may 
indicate that removal of damage in replicating cells is 
not PINK-1 dependent. On the other hand, PINKl 
knockdown in C. elegans increases mitochondrial fusion 
(Unpublished observations made by Maxwell C.K. Leung, 
Duke University) and in other model organisms is 
associated with increased mitochondrial fusion (103,104) 
which is critical for recovery from L3 arrest as discussed 
below. 

Mutations in the fusion genes fzo-1 and eat-3 resulted in 
complete arrest of larval development following serial 
UVC, suggesting that mitochondrial fusion is critical 
in recovery of mitochondrial function following 



UVC-induced mtDNA damage. Although it is likely 
that the complete larval arrest observed in these mutants 
is partially because of inhibition of damage removal, the de- 
gree of exacerbation suggests failure of other recovery 
mechanisms. Fusion is critical for recovery of mitochon- 
drial function following toxicant exposure and cell stress. 
Loss of fusion capacity increases susceptibihty to loss 
of MP (105), respiratory deficiency (105,106), oxidative 
stress (61,107), apoptosis and cell death (61,108,109). 
Additionally, enhanced mitochondrial fusion has been 
shown to be protective against UV irradiation-induced de- 
pletion of ATP (94,95) and blockage of mtDNA replication 
by mtDNA intercalators (110). 

Fusion provides protection against the effects of 
mtDNA mutations by facihtating 'functional complemen- 
tation' (111,112), the mixing of lipids, proteins and 
mtDNA to compensate for mutated DNA (80) and this 
mechanism may explain the lack of phenotypic expression 
of mtDNA mutations until the occurrence is high 
(>40-90%) (113). This function of fusion also equally dis- 
tributes proteins involved in mtDNA replication and 
repair (80). Mice harboring mutations in fusion proteins 
exhibit severe depletion of mtDNA (114) because of 
defects in mtDNA replication (80), and ;7o/g-7-mutant 
C. elegans exhibit increased mitochondrial fusion in 
response to mtDNA depletion (57). As described earlier 
in the text, mtDNA replication is a particularly important 
mechanism of recovery from L3 arrest. Therefore, 
mitochondrial fusion may aid in recovery from 
UVC-induced larval arrest by promoting functional 
complementation, mtDNA replication and removal of 
damaged mtDNAs. 

Consistent with this idea, mutation in the fission gene 
drp-1 did not increase L3 arrest. Although this could 
suggest that mtDNA damage removal is DRP-1 independ- 
ent in developing C. elegans, we hypothesize that 
enhanced fusion resulting from the drp-1 mutation may 
compensate for lack of mtDNA damage removal. 
Decreased mitochondrial fragmentation has been shown 
to be protective against toxicant-induced mitochondrial 
dysfunction, ATP depletion and apoptosis (89,90,94). 
Conversely, Yang et al. found that drp-1 nematodes are 
more sensitive to heat stress and paraquat (115) and, in 
mammahan cells, knockdown of drpl results in mitochon- 
drial dysfunction, loss and disorganization of mtDNA and 
decreased membrane fluidity (92,116). 

We were unable to directly test in developing C. elegans 
if mutations in fusion, fission and autophagy /niitophagy 
genes inhibit removal of UVC-induced mtDNA damage 
or if lack of damage removal correlates with the frequency 
and duration of L3 arrest because of developmental 
changes (i.e. somatic and germ cell proliferation and sub- 
stantial increases in mtDNA copy number) that would 
have confounded those measurements. Assuming that 
larval C. elegans employ the same mechanism as adults 
to remove UVC-induced mtDNA damage, our genetic 
and pharmacologic data suggest that removal of 
mtDNA damage aids in recovery from UVC-induced 
mitochondrial dysfunction facihtated by autophagy and 
mitochondrial fusion. 
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Potential role of NER proteins and mitochondrial 
nucleases 

Our model assumes that mitochondria in C. elegans, hke 
other metazoans studied to date, lack NER such that 
UVC-induced mtDNA damage is irreparable and persist- 
ent (12-15). Recently, however, NER proteins CSA and 
CSB have been shown to localize to mitochondria and to 
have a direct role in sensing and responding to oxidative 
mtDNA damage (117,118), as well as inducing mitochon- 
drial turnover via autophagy in response to cell stress 
(119). Based on these studies, an interesting future 
research direction will be to determine if CSA/CSB aid 
in the response to helix-distorting mtDNA damage and 
facilitate the removal of these lesions via autophagy. 

There is evidence mtDNA harboring double strand 
breaks resulting from high levels of oxidative lesions can 
be degraded in vitro by nucleases residing in mitochondria 
(120-123) of which endonuclease G, involved in nDNA 
degradation during apoptosis and EXOG, involved in 
mitochondrial long patch BER (123), remain the 
primary candidates. Additionally, fission yeast possesses 
a UV-damaged DNA endonuclease-dependent excision 
repair that drives repair of UV photodimers in mtDNA 
by nicking the phosphodiester bond 5' to the UV-induced 
photodimers to initiate BER (81). This repair mechanism 
has not been observed in higher organisms. Still, it is 
possible that degradation of mtDNA harboring irrepar- 
able UVC-induced photodimers may in part involve 
nuclease-dependent degradation. We considered this less 
likely than our current model for two reasons. Firstly, the 
degradation rate reported for mtDNA with strand breaks 
is significantly faster than that reported here, with signifi- 
cant degradation reported within an hour of oxidant 
exposure (122). Secondly, when we screened viable 
C. elegans mutants of known endonucleases including 
cps-6, the C. elegans homolog of endonuclease G using 
the larval arrest protocol, we found that mutations in 
cps-6, crn-6 and nuc-1 did not exacerbate larval arrest 
(Supplementary Figure S3). This indicates that these nu- 
cleases are not necessary for recovery from UVC-induced 
mtDNA damage in larval C. elegans and suggests that 
they are not involved in removal of UVC-induced 
mtDNA damage. However, because of the potential 
redundancy in mitochondrial nucleases, we cannot 
exclude a role of nucleases in recovery from and 
removal of UV-induced mtDNA damage. 

Broader implications of persistent mtDNA damage 
removal 

In summary, our results suggest a model whereby 
mitochondrial dynamics and autophagy play a role both 
specifically in removal of mtDNA damage, and more 
broadly in the response to mtDNA damage and mitochon- 
drial dysfunction (Figure 8). This research shows that 
UVC-induced mtDNA damage can be removed, and 
furthermore demonstrates that mitochondrial dynamics 
and autophagy are part of a novel pathway for the 
removal of otherwise irreparable mtDNA damage. 
Based on this and pubhshed literature, we hypothesize 
that initial recovery of mitochondrial function from such 



mtDNA damage requires mitochondrial fusion and 
mtDNA replication, and is assisted by removal of this 
damage via autophagy. Upon recovery from mtDNA 
damage, mitochondrial fission is restored creating a 
heterogeneous population of mitochondria, some with a 
high proportion of damaged mtDNA, which are removed 
by autophagy, potentially in a selective fashion involving 
PINKl. This pathway is of potentially great significance 
because of the fact that many common environmental 
contaminants cause high levels of mtDNA damage that, 
hke UVC-induced damage, is not repaired in the mito- 
chondrial genome. This pathway may also be important 
for removal of a subset of oxidative mtDNA damage (124) 
and damage induced by certain biological aldehydes (125) 
that are repaired in the nucleus by NER, extending the 
importance of our findings to damage caused by normal 
metabolism. Finally, mutations in genes in these pathways 
are associated with human disease states, demonstrating 
the potential for important gene-environment interactions 
affecting mitochondrial health after genotoxin exposure. 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online: 
Supplementary Figures 1-3. 
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